We discuss physical conditions in Galactic neutral hydrogen based on deep, high velocity resolution interferometric H i 21cm absorption spectroscopy towards 33 compact extra-galactic radio sources. The H i 21cm optical depth spectra have root-mean-square noise values 10 −3 per 1 km s −1 velocity channel, i.e., sufficiently sensitive to detect H i 21cm absorption by the warm neutral medium (WNM). Comparing these spectra with Hi 21cm emission spectra from the Leiden-Argentine-Bonn (LAB) survey, we show that some of the absorption detected on most sightlines must arise in gas with temperatures higher than that in the stable cold neutral medium (CNM). A multi-Gaussian decomposition of 30 of the H i 21cm absorption spectra yielded very few components with line widths in the temperature range of stable WNM, with no such WNM components detected for sixteen of the thirty sightlines. We find that some of the detected H i 21cm absorption along thirteen of these sightlines must arise in gas with spin temperatures larger than the CNM range. For these sightlines, we use very conservative estimates of the CNM spin temperature and the non-thermal broadening to derive strict upper limits to the gas column densities in the CNM and WNM phases. Comparing these upper limits to the total H i column density, we find that typically at least 28% of the gas must have temperatures in the thermally unstable range (200 − 5000 K). Our observations hence robustly indicate that a significant fraction of the gas in the Galactic interstellar medium has temperatures outside the ranges expected for thermally stable gas in two-phase models.
INTRODUCTION
In the thermal steady-state model for neutral hydrogen (H i) in the Galactic interstellar medium (ISM), two distinct stable phases coexist in pressure equilibrium (e.g. Field 1965; Field et al. 1969; Wolfire et al. 1995 Wolfire et al. , 2003 . These are (1) a cold phase (the cold neutral medium, CNM), with high density (n ≈ 10 − 100 cm −3 ) and a high H i-21 cm optical depth that gives rise to the narrow absorption features seen towards continuum radio sources, and (2) a warm diffuse phase (the warm neutral medium, WNM) with low density (n ≈ 0.1 − 1 cm −3 ), which contributes to the H i emission, but is extremely difficult to detect in absorption due to its low optical depth. The models (e.g. Wolfire et al. 1995) find that gas in the stable CNM phase would have kinetic temperatures T k ∼ 40 − 200 K, while gas in the stable WNM phase would have kinetic temperatures of T k ∼ 5000 − 8000 K. Over the last few decades, a number of H i-21 cm studies have established that the ISM indeed contains cold atomic gas in the temperature ⋆ E-mail: nirupam@mpifr-bonn.mpg.de (NR); nkanekar@ncra.tifr.res.in (NK); chengalu@ncra.tifr.res.in (JNC) range ∼ 40 − 200 K, consistent with theoretical expectations (e.g. Clark et al. 1962; Radhakrishnan et al. 1972; Dickey et al. 1978; Heiles & Troland 2003a; Roy et al. 2006) . However, observational estimates of WNM temperature are quite rare (Heiles & Troland 2003b; Kanekar et al. 2003 ) and very little is as yet known about physical conditions in the WNM.
In the two-phase models, H i at intermediate temperatures is unstable and such gas is expected to quickly evolve into one of the stable phases. Gas at intermediate temperatures is thus expected to exist "only as a transient phenomenon" (Field et al. 1969) . The thermal timescale derived from the heating or cooling rates is ∼ 2 × 10 4 yr for the CNM, and about 100 times larger for the WNM (Wolfire et al. 1995) . On the other hand, the timescale between physical disturbances in the ISM (i.e. the typical time interval between significant pressure fluctuations) due to the propagation of supernova shocks is ≈ 4 × 10 5 yr (McKee & Ostriker 1977; Wolfire et al. 1995) . Thus, while the CNM can be assumed to be in the thermal steady state, equilibrium conditions may not prevail in the WNM. However, Wolfire et al. (1995) argue that physical conditions in the WNM will evolve towards the steady state, and the steady state conditions could be thought to "represent an average of the conditions to be expected in the actual WNM".
Recently, there have been suggestions, based both on H i-21 cm observations and simulations, that a significant fraction of the Galactic H i may have kinetic temperatures in the unstable range, 500 − 5000 K (Heiles & Troland 2003a; Heiles & Troland 2003b; Kanekar et al. 2003) . Numerical simulations of the ISM suggest that dynamical processes like turbulence may drive H i from the stable CNM or WNM phases to the thermally unstable phase (e.g. Audit & Hennebelle 2005; Saury et al. 2013 ). This could result in significant amounts of unstable neutral gas, unlike the case of the standard two-phase models. Observational evidence for the presence of unstable gas stems from the work of Heiles & Troland (2003a) , who carried out high velocity resolution H i-21 cm absorption and emission studies towards 79 compact radio sources with the Arecibo telescope. They then modelled the H i-21 cm absorption and emission spectra as the sum of thermallybroadened Gaussian components to estimate the kinetic temperature and fraction of gas in the different temperature phases. The unstable phase was found to make up nearly 50% of the H i along their sightlines (Heiles & Troland 2003b) . However, the single-dish spectra used in their analysis are subject to large systematic effects, both due to contamination from stray radiation coming through the large sidelobes of the Arecibo telescope and the fact that single-dish H i-21 cm absorption spectra must be corrected for the H i emission in the beam. The sidelobe contamination in the emission spectra is especially important here, because the results pertaining to gas in the unstable phase were based on the fits to the emission spectra.
Conversely, Kanekar et al. (2003) carried out high velocity resolution interferometric H i-21 cm absorption studies along two sightlines using the Australia Telescope Compact Array (ATCA), with multi-Gaussian fits to the absorption spectra alone [see also Lane et al. (2000) and Kanekar et al. (2001) for a similar approach in damped Lyman-α systems]. Kanekar et al. (2003) found that a significant fraction of gas is in the thermally unstable phase; however the sample was small, with only two lines of sight. Such deep interferometric observations allow the possibility of obtaining an "clean" determination of the H i-21 cm absorption profile, by resolving out the H i-21 cm emission, and thus, of directly detecting the WNM in absorption. We have recently begun a large observational program to probe neutral atomic gas in the ISM through interferometric H i-21 cm absorption studies with the Westerbork Synthesis Radio Telescope (WSRT) and the Giant Metrewave Radio Telescope (GMRT), following the approach of Kanekar et al. (2003) . The observations, data analysis, spectra and integrated properties for each of the 34 observed sightlines were presented by Roy et al. (2013, hereafter, Paper I) . In this paper, we describe the multi-Gaussian parametrisation of the 33 absorption spectra with detected H i-21 cm absorption, including the two ATCA targets of Kanekar et al. (2003) , and their implications for physical conditions in the interstellar medium.
SPIN, KINETIC AND DOPPLER TEMPERATURES IN THE ISM
In Paper I, we discussed in detail the spin temperature T s and the kinetic temperature T k , the two main temperatures used to characterize the neutral atomic phases of the interstellar medium. We will not repeat this discussion here, but will simply assume that T s ≈ T k for the CNM and that T s T k in the other temperature phases, with T s 5000 K (e.g. Liszt 2001 ). The spin temperature along a sightline is estimated from the ratio of the total H i column density to the velocity-integrated H i-21 cm optical depth. The H i column density can be estimated either from the H i-21 cm emission spectrum along a neighbouring sightline (e.g. Heiles & Troland 2003a) or from an absorption spectrum in the damped Lyman-α line (e.g. Wakker et al. 2011) , while the H i-21 cm optical depth is, of course, measured from H i-21 cm absorption studies towards a background radio source. For an arbitrary sightline, the spin temperature obtained from the above procedure is the column density weighted harmonic mean of the spin temperatures of individual "clouds" along the sightline, and does not provide direct information on the gas temperature. For large H i-21 cm optical depths, there are further complications because one does not a priori know the distribution of clouds along the sightline, making it difficult to correct for self-absorption in the H i-21 cm emission spectrum while estimating the total H i column density . Attempts to fit for this distribution along the line of sight have so far not been successful (e.g. Heiles & Troland 2003a) . A variation of the above procedure is to decompose the absorption and emission spectra into Gaussian components and then determine the spin temperature of individual components (e.g. Dickey et al. 1978; Payne et al. 1982; Heiles & Troland 2003a) . This has so far only been successful for the cold phase, due to the high spectral dynamic range required to detect the WNM in absorption. Even here, there are complications because one is measuring the emission profile along a different line of sight (and generally a larger field of view) than that for the absorption profile, and small scale variations in the H i distribution could invalidate the analysis.
The kinetic temperature T k is the temperature that characterizes the velocity distribution of the H i atoms on small scales (i.e. scales on which bulk motions are negligible). Because these scales are generally inaccessible to observations, the gas kinetic temperature is instead typically estimated from the "doppler temperature" (T D ), which is derived from the full-width-at-half-maximum (FWHM) of an H i-21 cm component by the relation T D = 21.855× ∆V 2 K, where ∆V is the FWHM in km s −1 . If the line width is dominated by thermal broadening, with negligible contributions from turbulence, bulk motions, etc, one would have T k = T D . However, in general,
where v turb gives the contribution to the line width from nonthermal motions, m H is the mass of the hydrogen atom and k B is the Boltzmann constant. If such non-thermal broadening is negligible, one can use T D and T k interchangeably. In the general case, the doppler temperature only provides an upper limit to the kinetic temperature. To summarize, in H i-21 cm absorption spectra, both the spin and doppler temperatures affect the line profile; the spin temperature determines the total integrated optical depth, while the doppler temperature (i.e. the combination of the kinetic temperature and any non-thermal motions) determines the line width. If one assumes that non-thermal contributions to the line widths are small (e.g. Heiles & Troland 2003a) , one can estimate the kinetic temperature from the line profile.
The main differences between the present work and the analysis of Heiles & Troland (2003a) is that (i) we obtain our H i-21 cm absorption spectra from high angular resolution interferometric observations, unaffected by the H i-21 cm emission, (ii) we carry out the multi-Gaussian decomposition for the H i-21 cm absorption profiles only, and (iii) we use these decompositions to identify lines of sight along which there appears to be very little of the classical WNM, but the conclusions that we draw about the fractions of CNM and WNM are independent of the assumption that the doppler temperature approximates the kinetic temperature.
THE SAMPLE
We have used the Very Large Array (VLA) calibrator list 1 to select a sample of bright, compact extra-galactic background radio sources for use as targets for deep H i-21 cm absorption spectroscopy to probe physical conditions in the intervening Galactic neutral hydrogen. 32 such compact sources (all with 1.4 GHz flux densities > 3.5 Jy) were observed with the Westerbork Synthesis Radio Telescope (WSRT) and the Giant Metrewave Radio Telescope (GMRT) between 2005 and 2008; the observations, data analysis and spectra are described in detail in Paper I. The velocity resolutions of the spectra were ≈ 0.41 km s −1 (GMRT) and ≈ 0.26 km s −1 (WSRT), except for two WSRT targets, B1328+254 and B1328+307, which had a resolution of ≈ 0.52 km s −1 . The observations were designed to detect the warm neutral medium in absorption, even for low H i column densities, 2 × 10 20 cm −2 , and high spin temperatures T s ≈ 5000 K. The root-mean-square (RMS) optical depth noise on the spectra was 10 −3 at a resolution of 1 km s −1 . H i-21 cm absorption was detected along 31 sightlines, with only a single non-detection, towards B0438−436 (Paper I).
In addition, two similar bright, compact sources were observed by Kanekar et al. (2003) with the ATCA, with a velocity resolution of ≈ 0.41 km s −1 and an RMS optical depth noise of ≈ 10 −3 per 0.41 km s −1 . We include these two sources with the 31 sources of Paper I with detected H i-21 cm absorption in the following analysis. The full sample considered in this paper thus consists of 33 compact sources with high velocity resolution (≈ 0.26 − 0.52 km s −1 ) interferometric H i-21 cm absorption spectra of RMS optical depth 10 −3 per 1 km s −1 velocity channel. We have also obtained H i-21 cm emission spectra along neighbouring sightlines from the Leiden-Argentine-Bonn survey Bajaja et al. 2005) , at a velocity resolution of ≈ 1.03 km s −1 . The integrated properties along all sightlines of the sample are presented in Paper I (see also Kanekar et al. 2011) . For completeness, a few of these properties are summarized here in Table 1 : the columns of this table contain (1) the source name (using the B1950 convention), (2) the total H i column density along the sightline, N(H i), using the isothermal estimate , (3) the integrated H i-21 cm optical depth, τdV, in km s −1 , and (4) the velocity extent containing 90% of the H i-21 cm emission, ∆V 90 , in km s −1 . As shown in Chengalur et al. (2013) , the isothermal estimate, in general, provides a significantly more accurate estimate of the total H i column density than the usually used optically-thin estimate. We also emphasize that (despite the name) the isothermal estimate does not assume that all of the gas in the Galaxy is at a single temperature, but rather that it uses the total optical depth and brightness temperature measured along the line of sight to find the temperature that leads to the best estimate of the total H i column density. The simulations in Chengalur et al. (2013) show that this estimate works well even at very large optical depths as well as in situations where the temperature varies significantly along the line of sight. We note also that for the lines of sight that we consider here, the difference between the isothermal estimate and the optically thin estimate is < 30% (see Table 2 of Roy et al. 2013) . Our conclusions would remain essentially unchanged were we to use the optically-thin estimate instead of the isothermal one.
CAN ALL THE DETECTED H i-21 cm ABSORPTION ORIGINATE IN THE CNM ?
One of the standard tenets of the ISM literature is that the warm neutral medium contributes to the H i-21 cm emission but is not detectable in H i-21 cm absorption due to its low optical depth (e.g. Kulkarni & Heiles 1988) . Wide absorption components are hence generally assumed to arise from non-thermally broadened CNM. For example, this is the model used by Heiles & Troland (2003a) to model their H i-21 cm absorption/emission spectra. Since our survey was designed to have sufficient sensitivity to detect absorption from the WNM, the first question that one would like to address is: do our absorption spectra in fact definitely contain absorption from gas which is not in the CNM phase, or can all the absorption be accounted for by the CNM? In order to address this issue, we consider a strawman model in which all the H i-21 cm absorption arises in the CNM, at kinetic temperatures 40 − 200 K (and T s = T k ). The CNM column density along each sightline is then given by
where T s,CNM is the harmonic mean spin temperature of the CNM along the sightline. Since the CNM spin temperature range is 40 − 200 K, the harmonic mean CNM spin temperature must lie within this range, with a maximum possible value of 200 K. Thus, an upper limit to the CNM column density for each sightline can be obtained by assuming T s,CNM = 200 K in equation 2, and using the values for τdV from column (3) of Table 1 . The ratio of this upper limit to the total H i column density listed in column (2) of the table then gives an upper limit to the CNM fraction along the sightline. Fig. 1 plots this upper limit to the CNM fraction on each sightline, i.e. the ratio N(CNM)/N(H i), against the total H i column density N(H i). We obtain a median CNM fraction of ∼ 0.52 in the sample of 34 sources, with values ranging from < 0.055 to 1. It should be emphasized that these are upper limits to the CNM fraction, because we have assumed that (1) all the observed absorption arises from the CNM and (ii) the CNM has a harmonic mean spin temperature of 200 K, the highest value in the CNM range. Next, for each sightline, the difference [N(H i) -N(CNM)] then gives the amount of "residual" H i with T k > 200 K along each sightline. Note that, in our strawman model, this gas is not detected in absorption. We can thus immediately test the veracity of the model by checking whether the sensitivity in the individual spectra is sufficient to detect this residual gas in absorption. For this purpose, we assume a worst-case scenario, wherein the residual gas has T s = 5000 K and line FWHM equal to ∆V 90 of the emission profile. These are extremely conservative assumptions, as both the high spin temperature and the large line FWHM reduce the peak H i-21 cm optical depth, making it more difficult to detect a given H i column density in absorption. With these assumptions, we compute ∆N(HI), the 1σ sensitivity of each spectrum to H i- 21 cm absorption from gas with the above line FWHM and spin temperature.
The results of this analysis are summarized in Fig. 2 , which plots the signal-to-noise ratio (S/N) at which absorption from the residual gas would have been detected in our H i-21 cm absorption spectra versus the H i column density; the dashed horizontal line indicates a 3σ detection. There are three sightlines (towards B0355+508 and B2348+643, the two sources with the lowest Galactic latitudes, and B0316+362) where the (S/N) is listed as zero, as the derived CNM column density is larger than the total H i column density. For these sightlines, the average CNM spin temperature must be lower than the assumed 200 K, and one cannot rule out the possibility that all the H i-21 cm absorption arises in the CNM (or, indeed, that all the H i along the sightline is in the CNM!). However, in 25 of the 34 cases, the spectra are sufficiently sensitive to detect H i-21 cm absorption from the residual gas (at 3σ significance), even for our very conservative assumptions. We emphasize that gas at lower spin temperatures (T s < 5000 K) or with line FWHMs lower than ∆V 90 (as would be typical) would have been detected at even higher significance. We thus find that a strawman model in which all the absorption arises from the CNM is clearly ruled out: most of our H i-21 cm absorption spectra must contain absorption from gas with T s >> 200 K. We will return to the issue of the actual temperature of the absorbing gas in Sec. 6.4.
THE GAUSSIAN PARAMETRISATION
The simplest way of modelling an absorption profile is to treat it as arising from a number of absorbing "clouds" along the line . H i-21 cm absorption spectra and multi-Gaussian fits for the 30 sources of the sample, ordered by right ascension. The source name and the telescope used to obtain the spectrum is listed above each figure. For each source, the upper panel contains the multi-Gaussian fit overlaid on the H i-21 cm optical depth profile, while the lower panel shows the fit residuals (normalized by the RMS optical depth noise). In most cases, the full velocity range covered by the absorption spectrum is not shown, to make it easier to view the profile.
of sight. If each cloud is individually in equilibrium, at a kinetic temperature T k , its line profile would be a "Voigt" profile, a convolution of a Gaussian function with a Lorentzian, which reduces to a Gaussian for unsaturated absorption lines. As such, the simplest physically-motivated model for an unsaturated absorption profile consists of a sum of multiple Gaussian components, with the width of each component determined by the kinetic temperature of the gas. In principle, such a Gaussian decomposition allows one to derive the kinetic temperature of individual "clouds". Modelling absorption spectra as a superposition of Gaussian components has hence long been popular in H i-21 cm absorption studies (e.g. Mebold 1972; Radhakrishnan et al. 1972; Mebold et al. 1982; Lane et al. 2000; Kanekar et al. 2001; Heiles & Troland 2003a; Heiles & Troland 2003b; Kanekar et al. 2003) . Indeed, the results of Heiles & Troland (2003a) that a significant fraction of the WNM is in the unstable phase are critically dependent on the use of such a multi-Gaussian model for the H i-21 cm emission and absorption spectra and the assumption that the line widths predominantly arise from thermal motions. Unfortunately, it has also long been appreciated that the above interpretation is not necessarily physically meaningful (e.g. Mebold 1972 ). For example, it is not at all obvious that the individual Gaussian components correspond to distinct physical entities, i.e. whether a typical sightline consists of multiple clouds in internal equilibrium. Non-thermal motions are well known in galaxies, and could lead to distortions of the absorption profile from a Gaussian shape. Even in the case of turbulent broadening, which also yields a Gaussian profile, the final line width is determined by a combination of the kinetic temperature and the turbulent motions, and hence only yields an upper limit to the kinetic temperature. Finally, Gaussian functions do not form an orthogonal basis, implying that a decomposition is formally not unique, especially in the presence of noise.
Attempts have also been made to model line profiles by assuming a specific form for the density and/or temperature distribution in H i clouds and local isobaricity (e.g. Braun & Kanekar 2005) . Note that theoretical models of the ISM are based on local isobaricity, as assumed in the above model, and do not require that individual clouds be isothermal. Conversely, the Gaussian decomposition is strictly valid for cases where each "cloud" along the sightline is isothermal. However, while it is certainly possible to model spectral lines along the lines of Braun & Kanekar (2005) , there has so far been no obvious physical motivation for a specific functional form. It is probably fair to say that, at present, these approaches are less physically motivated than a Gaussian decomposition. Finally, while much progress has been made in hydrodynamic simulations of the ISM (e.g. Gazol et al. 2001; Audit & Hennebelle 2005; Vázquez-Semadeni et al. 2006; Hennebelle & Audit 2007; Audit & Hennebelle 2010; Saury et al. 2013) , the complexity of the problem has meant that such studies have unfortunately not yielded much information on realistic models of interstellar gas clouds.
In summary, while there are certainly possible drawbacks to using Gaussian components to model H i-21 cm spectra, there is no obvious alternative route to determining physical conditions in the ISM. Further, given the problems associated with single-dish H i-21 cm emission spectra (e.g. Kanekar et al. 2003) , it is important to apply a multi-Gaussian component model to the "cleaner" H i-21 cm absorption profiles to test whether these too yield a large fraction of unstable atomic gas in the ISM. This is the broad approach we follow in this paper, using a Gaussian decomposition to determine the distribution of H i kinetic temperatures, and to test whether a significant fraction of the neutral ISM is in the unstable phase. 
The multi-Gaussian fits
As discussed in Paper I (see Section 2.3), the noise is not uniform across each absorption spectrum, but is higher at velocity ranges containing Galactic H i-21 cm emission, which contributes to the system temperature in these velocity channels. This was taken into account to derive optical depth noise spectra for each target source. We then carried out an iterative multi-Gaussian fit to each of the 33 optical depth spectra with detected H i-21 cm absorption (i.e. excluding the sightline towards B0438−436) using the noise spectrum for the sightline, and the standard technique of χ 2 -minimization, using the Levenberg-Marquardt algorithm. For each spectrum, the number of Gaussian components was increased (beginning with a single component) until the reduced chi-square (χ 2 r ) was as close to unity as possible, with noise-like residuals. For three sources (B0355+508, B0429+415 and B2348+643), the absorption profiles are extremely complex and impossible to fit with a reasonable number ( 20) of spectral components. We have hence dropped these three spectra from the multi-component analysis, thus retaining 30 sources in the final sample of sources for which the multiGaussian fits were found to be successful.
For each sightline, we verified through a KolmogorovSmirnov rank-1 test and an Anderson-Darling test that the residual spectrum after subtracting out the fitted model was consistent with a normal distribution (within 3σ significance in each test). Since the noise is channel-dependent, these tests were carried out after scaling the residual spectrum by the noise spectrum (i.e. on the residual spectrum in S/N units). For all fits, we obtained χ 2 r ≈ 1 (with 0.76 < χ 2 r < 1.29 in all cases), indicating that the fitted model is a good representation of the observed H i-21 cm optical depth spectrum. Following standard procedures to obtain error estimates, the uncertainties of the fit parameters were derived after scaling the errors so as to obtain χ 2 r = 1. The number of fitted components in each spectrum ranges from 1 (for B0023−263, B0117−155 and B1641+399) to 20 (for B0538+498), with a median number of 7.
The above fitting procedure yielded estimates for the peak optical depths, central velocities and line FWHMs (∆V) for the different Gaussian components. The doppler temperature T D of each component was then obtained from the expression
We emphasize that this is an upper limit to the kinetic temperature of each component. For each of the 30 sightlines, the fitted multi-Gaussian model is overlaid on the optical depth spectrum in the upper panel of each plot in Fig. 3 , while the lower panel of each plot shows the residual (S/N) spectrum (after dividing the residuals by the RMS optical depth noise). Fig. 4 shows the H i-21 cm absorption profiles of the three sources (B0355+508, B0429+415 and B2348+643) whose Figure 4 . H i-21 cm absorption spectra for the three sources (B0355+508, B0429+415 and B2348+643), whose H i-21 cm profiles were found to be too complex to obtain a reliable fit. spectra were found to be too complex to obtain a reliable fit. Finally, Table A1 in the Appendix contains the fit parameters and errors, the χ It is interesting to ask whether the fitted multi-Gaussian profiles provide a realistic model of conditions in the ISM (e.g. whether each Gaussian component represents an H i "cloud") or whether they merely provide a tool by which to fit a complicated profile. In the latter situation, one would expect that the number of Gaussians needed to fit a profile would increase with decreasing RMS optical depth noise, as more and more complex structure would become apparent with improved sensitivity. One would then expect an anti-correlation between the number of fitted components and the off-line RMS optical depth noise. Fig. 5[A] plots the number of fitted components against the off-line RMS optical depth noise (at a uniform velocity resolution of 1 km s −1 ) for the 30 sightlines of the sample. It is clear from the figure that the number of components is not related to the RMS optical depth noise: for example, the two most sensitive spectra, towards B1328+254 and B1328+307 (with τ RMS ≈ 0.00022−0.00024 per 1 km s −1 channel), require only 4 Gaussian components, while the spectrum towards B1641+399 (with τ RMS ≈ 0.00025 per 1 km s −1 channel) requires a single Gaussian component for a good fit.
It also appears plausible that low-latitude sightlines would traverse more H i clouds, while high-latitude sightlines would only intersect a few clouds. One would then expect more components along low-latitude sightlines and fewer components along high latitude ones, independent of the sensitivity of the spectra. Fig. 5[B] plots the number of components versus the absolute Galactic latitude; it is clear from the figure that far more components are required to obtain a good fit for low latitudes, b 15
• , than at high latitudes. Specifically, all sightlines with b 15
• are well fitted with 10 components, while all sightlines with b 40
• are well fitted with 7 components. Conversely, all sightlines with b 10
• require > 10 components to obtain a good fit. We note, in passing, that the three sightlines which were excluded from the sample due to profile complexity were all at low latitudes, b < 10
• .
Both the above results suggest that the fitted multi-Gaussian profiles may provide a realistic model for the sightlines in our sample. We note, however, that this may break down for the most complicated profiles, with 10 components.
DISCUSSION

Component statistics
A total of 214 Gaussian components were detected in the 30 H i-21 cm absorption spectra, with the typical model consisting of several narrow components (which could be interpreted as arising in the CNM) and a few wide components (suggestive of absorption in warm gas). Note that, as argued in section 4, the spectra must contain absorption from gas with spin temperatures significantly higher than those typical of the CNM. Following Heiles & Troland (2003a) , we will in this section refer to components with T k 500 K as arising in the CNM, to include possible effects of non-thermal broadening. Components with 500 K T k 5000 K will be assumed to arise in the "unstable" phase, and components with T k > 5000 K in the WNM.
We then find that ∼ 72% of the Gaussian components arise in the CNM, ∼ 25% in the "unstable" phase and ∼ 3% in the WNM. We emphasize that we are merely counting components here, and not H i column densities; this does not imply that 72% of the H i along our sightlines is in the CNM! If the analysis is restricted to sightlines with "simple" absorption profiles (defined here as having 7 or fewer Gaussian components, i.e. equal to or lower than the median number for the sample), there are a total of 93 components, of which ∼ 69%, ∼ 26% and ∼ 5% are in the cold, unstable, and warm phases, respectively. Given that our spectra are sufficiently sensitive to detect gas in the classical WNM, it is somewhat surprising that we find so few components that are unambiguously in the warm phase. Interestingly, we also find that 14 (i.e. ∼ 7%) of the 214 components have kinetic temperatures T k < 40 K, i.e. below of the nominal temperature range of the the CNM phase. Such components have been detected in earlier studies (e.g. Heiles & Troland 2003a; Dickey et al. 2003) . A simple explanation of their existence, in the context of two-phase models, is that photo-electric heating by the ejection of electrons from dust grains and polycyclic aromatic hydrocarbons is not important in these clouds, perhaps due to a lack of such large molecules (Wolfire et al. 1995; Heiles & Troland 2003b) .
Trends with Galactic latitude and longitude
The absorption spectra of our sample cover a wide range of Galactic (l, b) values. The derived results from the sample are an average over all these sightlines, and are thus likely to sample a range of local conditions (e.g. density, pressure, background radiation field, etc). While the sample is as yet too small to test for variations of the derived parameters (e.g. the CNM fraction) with direction, we examine here whether the distribution of these parameters shows any striking trend with Galactic co-ordinates.
The distribution of peak optical depth, τ peak , and velocity FWHM for the 214 absorption components is plotted versus Galactic latitude and longitude in the four panels of Fig. 6 . Larger peak optical depths are obtained at low Galactic latitudes (as expected), and also for sightlines near the Galactic anti-centre. The latter is interesting because the cold gas content is expected to decrease in the outskirts of the Galaxy, yielding lower peak optical depths. Of course, this is partly compensated for by the clustering in velocity space towards the anti-centre. Similarly, the typical number of components required to fit the profile increase as one approaches the Galactic plane. However, there is no significant correlation of the component widths with l or b. This indicates that the widths of the individual absorption components do not have a significant contribution from Galactic rotation. 
Non-thermal broadening
A test of the presence of non-thermal broadening within the Gaussian parametrisation can be carried out by comparing, for each sightline, the total H i column density derived from the fit to the absorption spectrum N ABS with the H i column density N(H i) measured from the LAB emission spectrum. The total H i column density along a sightline from the Gaussian fit is given by the expression
where ∆V i and τ peak,i are the FWHM and the peak optical depth of the i'th component, respectively. Note that the Gaussian fit only yields the doppler temperature T D , and not the spin temperature T s . Assuming T s = T D for each component yields an upper limit to its H i column density, as T D T k and T k T s . Adding the contributions of all components along a sightline in equation (4) then gives an upper limit to the total H i column density detected in absorption, N ABS , for the sightline.
The ratio N ABS /N(H i) is then an upper limit to the ratio of the H i column density detected in H i-21 cm absorption to the total H i column density. Of course, if only a small fraction of the total gas along a given sightline is detected in H i-21 cm absorption, N ABS could be lower than N(H i). Conversely, if non-thermal motions contribute to the component FWHMs, then the inferred doppler temperatures would be larger than the kinetic temperatures, which are, in turn, larger than or equal to the spin temperatures. This would imply that N ABS would be larger than N(H i). In other words, a scenario wherein the H i column density derived from the absorption fits is systematically larger than the H i column measured from the emission profile is indicative of non-thermal broadening (and/or that the spin temperature is lower than the kinetic temperature). Fig. 7 plots the ratio R ≡ N ABS /N(H i) against N(H i). Ten sightlines out of thirty have R 1, as would be expected if nonthermal motions do not contribute appreciably to the component widths. However, fifteen sightlines have R ≈ 1.5 − 3, while five sightlines have R ≈ 4 − 7.7. We conclude that non-thermal broadening is likely to be present for twenty of the thirty sightlines. The median value of the ratio N ABS /N(H i) is ≈ 2.0. Note that this deviation from unity includes contributions both from non-thermal broadening and from the possibility that T s < T k . Thus, it appears that the contribution to the component widths from non-thermal broadening is larger than the thermal width by a factor √ (3), and does not dominate the line widths.
Finally, one might infer the fraction of H i in different phases of the ISM from the H i column densities derived from the multiGaussian fits to the absorption profiles, as done by Kanekar et al. (2003) . However, this requires one to use the doppler temperatures to differentiate between the CNM, WNM and thermally unstable neutral medium. Of course, the critical missing ingredient is the extent of non-thermal broadening of individual line components. For example, a significant fraction of absorption with doppler temperatures in the unstable range might arise from non-thermally broadened CNM absorption. We note that this is the approach followed by Heiles & Troland (2003b) , based on their multi-Gaussian decomposition of the H i-21 cm absorption and emission profiles, to infer that around one-third of all H i is in the thermally unstable phase. While Heiles & Troland (2003b) identified all components that were not detected in absorption with the WNM, non-thermal broadening would reduce the strength of any absorption, possibly causing it to not be detected. It is hence difficult to disentangle the results of Heiles & Troland (2003b) and Kanekar et al. (2003) from the effects of non-thermal broadening. In the next section, we will attempt to more rigorously examine the presence or absence of unstable gas in the ISM.
The two-phase model of the neutral ISM
In Section 4 we showed that the detected H i-21 cm absorption cannot arise solely in gas with spin temperatures in the CNM range, but must include absorption from warmer gas. In other words, it is reasonable to associate wide components that are found in the Gaussian decomposition of our spectra with warm gas, as opposed to non-thermally broadened CNM. In the classic two-phase models, this additional absorption can only arise in stable WNM. However, only ≈ 5% of the Gaussian components have kinetic temperatures consistent with values expected in the WNM. Fig. 8 compares the maximum kinetic temperature obtained along each sightline (T k,Max ) to the stable WNM temperature range. It is clear that only five sightlines have maximum inferred kinetic temperatures consistent with absorption by stable WNM (5000 T k 8000 K), within 1σ significance. An additional nine sightlines have maximum inferred kinetic temperatures consistent with the above temperature range within 3σ significance. Even if we include all of these as possible WNM components, there are sixteen sightlines where the highest doppler temperature is significantly lower than the stable range of WNM temperatures.
For the sixteen sightlines with no detected absorption component with T D in the stable WNM range, it is possible that all the observed H i-21 cm absorption arises in non-thermally broadened CNM. Assuming that such non-thermally broadened CNM has a spin temperature of 200 K yields an upper limit to the CNM column density along each sightline. If the H i indeed exists in two stable phases, the CNM and the WNM, with no gas in the ther- mally unstable phase, then the rest of the H i detected in the H i emission spectrum on each sightline must be stable WNM. Following the arguments in Section 4, one can immediately test whether this residual H i would have been detected in the H i-21 cm absorption spectrum. For this purpose, we again assume, conservatively, that the WNM has T s = 5000 K and a line FWHM = ∆V 90 .
These results are summarized in Table 2 whose columns are (1) the source name, (2) the total H i column density, from the isothermal estimate N(H i), (3) the upper limit to the CNM column density, N CNM , for T s = 200 K, (4) the upper limit to the CNM fraction along the sightline, using the ratio N CNM /N(H i), (5) the maximum kinetic temperature measured along the sightline, (6) for the sixteen systems with no absorption components corresponding to stable WNM, the S/N at which the residual H i would have been detected, for line FWHM=∆V 90 and T s = 5000 K, (7) for these sightlines, the upper limit to the fraction of H i in the stable WNM (assuming a 3σ detection significance), and (8) for these sightlines, the lower limit to the fraction of H i in the unstable phase, assuming that all the H i-21 cm absorption arises in the CNM and that the WNM column is just below the 3σ detection threshold for H i-21 cm absorption. Sources with detected WNM components are listed as "WNM" in the sixth column and "-" in the last column of the table.
We emphasize that the assumptions are extremely conservative, using (1) the highest spin temperature in the CNM range, (2) the highest spin temperature expected in the WNM temperature range (Liszt 2001) , and (3) assuming extreme non-thermal broadening of the putative WNM components. All of these would reduce the strength (and hence the detection S/N) of the expected WNM absorption. Even with these assumptions, we find that H i-21 cm absorption would have been detected at 3σ significance on thirteen of the sixteen sightlines if the residual gas along the sightline In the case of B0538+498 and B1827−360, the listed component has a lower doppler temperature than that of another component along the sightline (which have T k = 3552 ± 342 K and T k = 1699 ± 165 K, respectively). However, the 1σ error is larger for the listed components, due to which their kinetic temperatures are formally consistent with the WNM range. We have hence chosen to list these components in the table. ‡ The signal-to-noise ratio at which residual H i (i.e. after subtracting out N CNM ) would have been detected in our H i-21 cm absorption spectra, for an assumed T s = 5000 K and line FWHM = ∆V 90 . Systems with detected WNM components are listed as "WNM" in this column. * The upper limit to the fraction of gas in the CNM phase along the sightline, assuming that all the absorption arises in CNM with a spin temperature of 200 K. * * The upper limit to the fraction of gas in the stable WNM phase along the sightline, for a 3σ detection significance, assuming T s = 5000 K and line FWHM = ∆V 90 . * * * The lower limit to the fraction of gas in the unstable phase (200 < T k < 5000 K), assuming that all detected H i-21 cm absorption arises in the CNM and that there is stable WNM along the sightline just below the 3σ detection threshold for absorption. This is essentially 1 − ( f CNM + f WNM ). For sources with detected WNM components, this column contains a "-".
was in the stable WNM phase (and at 4.5σ significance on ten of the sightlines). In other words, for these thirteen sightlines, if all the residual gas is WNM, the multi-Gaussian fit would have included at least one component with doppler temperature at or above the stable WNM range. Thus, the spectra of thirteen (i.e. ∼ 43%) out of the thirty sightlines are inconsistent with a model in which neutral gas exists in only the stable temperature ranges of the two-phase models. We conclude that, along these thirteen sightlines, much of the difference between the total H i column density and the upper limit to the CNM column density must arise in gas in the thermally unstable phase.
The non-detection of WNM components along the above thirteen sightlines can be used to place an upper limit on the WNM column density along these sightlines, and hence, to obtain a 3σ upper limit on the WNM fraction f WNM . We also already have an upper limit to the CNM column density and the CNM fraction along these sightlines by assuming that all the detected H i-21 cm absorption arises in cold gas with T s = 200 K. The difference between the total H i column density and the sum of these upper limits on the WNM and CNM column densities then yields a lower limit to the column density of gas in the unstable neutral medium, and thus, a lower limit to the fraction f UNM of the gas in the unstable phase (at 200 K < T k < 5000 K). The latter lower limits are listed in the last column of Table 2. For the above thirteen sightlines where stable WNM would, if present, have been detected at 3σ significance, the lower limits to the fraction of unstable gas lie in the range 0.00 < f UNM < 0.44, with a median value of ≈ 0.28. We emphasize that these are lower limits to f UNM . The assumption that all the observed H i-21 cm absorption arises in the CNM is obviously incorrect, since H i-21 cm absorption from gas in the unstable phase would have lower spin temperatures and velocity widths than absorption by stable WNM, and would hence have been detected at higher significance. Indeed, each of the thirteen sightlines contains at least one component with doppler temperature in the range 200 K < T D < 5000 K. Thus, some of the observed H i-21 cm absorption must arise in gas in the unstable temperature range. In addition, the high assumed CNM spin temperature implies that the listed CNM fractions are all stringent upper limits. Finally, the WNM fractions are also stringent upper limits because we have assumed that the WNM column density is just below our 3σ detection threshold, for T s = 5000 K and line FWHM = ∆V 90 . We hence conclude that a significant fraction of the gas, typically 28%, must be present in the unstable phase along thirteen of our sightlines, and that the "classic" two-phase model is not viable for at least these sightlines. We also note, in passing, that it is likely that many of the remaining seventeen sightlines also contain thermally unstable gas, given that almost all of them contain absorption with T D in the range 500 < T D < 5000 K.
For comparison, Heiles & Troland (2003b) found > 30% of the H i along their sightlines to have temperatures in the unstable range (which they defined as 500 K < T D < 5000 K), in reasonable agreement with our results. This is curious, given the fact that their derived fractions in different phases would be seriously affected by non-thermal broadening, which was not accounted for in their analysis. Note that our analysis explicitly takes into account the possibility of contributions from non-thermal broadening to the line widths, via the conservative assumption that the WNM line widths are equal to ∆V 90 , the width of the H i-21 cm emission profile that contributes 90% of the H i-21 cm emission.
CONCLUSIONS
We have studied the temperature distribution of the neutral interstellar medium along 33 Galactic sightlines, using deep, high velocity resolution (≈ 0.26 − 0.52 km s −1 ) H i-21 cm absorption spectra obtained with the WSRT, the GMRT and the ATCA. The typical RMS optical depth noise of the spectra is 10 −3 per 1 km s −1 velocity channel, making the spectra sufficiently sensitive to detect H i-21 cm absorption from gas in the warm neutral medium, with H i column densities 10 20 cm −2 and velocity widths comparable to the thermal width.
We used conservative assumptions regarding the CNM spin temperature (T s = 200 K), the WNM spin temperature (T s = 5000 K) and non-thermal broadening of the WNM (line FWHM = ∆V 90 ) to consider the canonical two-phase model of the ISM wherein the H i-21 cm absorption features arise in the CNM, while the emission profiles contain contributions from both stable CNM and WNM. We find that such a model can be ruled out for more than half our sightlines. Some of the H i-21 cm absorption that we detect must arise from gas with spin temperatures larger than that of the CNM (i.e. must arise in the WNM or with gas with temperatures in the thermally unstable range).
We then used a multi-Gaussian decomposition of 30 of the H i-21 cm absorption spectra to examine the possibility that some Galactic H i might be in the unstable temperature range, 200 < T k < 5000 K. We found very few components with doppler line widths consistent with values expected from stable or nonthermally broadened WNM. For sixteen sightlines, we found no H i-21 cm absorption components with line widths consistent with an origin in the WNM. Thirteen of the sixteen spectra are sufficiently sensitive to detect any WNM along the sightline even if extreme non-thermal broadening results in line FWHMs comparable to the ∆V 90 of the H i-21 cm emission profile. We can thus rule out the possibility that the neutral hydrogen along these sixteen sightlines is in two phases, with temperatures in the stable CNM and WNM ranges. Some fraction of the H i-21 cm absorption that we detect on these sightlines must arise from gas with temperatures in the intermediate, thermally unstable range (at 200 K < T k < 5000 K) of the two-phase model. For the above thirteen sightlines, we obtain a median lower limit of 28% to the gas fraction in this unstable phase. Our observations hence robustly indicate that a significant fraction of the gas in the Galactic ISM has a temperature outside the thermally stable ranges in two-phase models. Table A1 . (continued) The parameters of the multi-Gaussian fits.
